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(57) ABSTRACT

A location system comprising a plurality of base units for
ecnabling the locating of a device by means of one or more
location signals communicated between the device and the
base units and signal processing equipment for: 1. determin-
ing the location of the device 1n dependence on the manner 1n
which the location signal(s) 1s/are recerved and 11. dertving
calibration data for calibrating the system 1n dependence on
the manner 1n which the location signal(s) 1s/are recerved.
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1
CALIBRATION OF A LOCATION SYSTEM

CROSS REFERENCE TO RELATED
APPLICATION(S)

This application 1s a 35 U.S.C. §371 National Phase Entry
Application from PCT/GB2007/001425, filed Apr. 19, 2007,
designating the United States and also claims the benefit of
Patent Application No. GB 0607864.6 filed Apr. 20, 2006, the
disclosures of which are incorporated herein in their entirety
by reference.

BACKGROUND

The mvention relates to a location system capable of der1v-
ing calibration information from location signals recerved
from a device to be located by the system. In particular, the
calibration information defines a time offset in the clock of
cach receiver of the system.

Infrastructure-based location systems use items of equip-
ment placed at known points in the environment to determine
the positions of other objects 1n that environment. Uses of
such systems include the tracking of pallets within ware-
houses, finding colleagues 1n a workplace environment, and
monitoring the positions of soldiers during a traiming exer-
Cise.

Typically, these location systems operate by placing a tag
transmitter device on the object(s) to be tracked. These tags
transmit signals which allow the tag location, and hence the
object location, to be determined. Typically, the signals are
coded 1n some way to allow the positions of different tags 1n
the same space to be determined. The signals may be radio
waves, light waves, ultrasonic waves, etc. The infrastructure
consists of a set of base units, each having a receiver for
determining particular qualities of the incoming signals from
tags that allow the tag location to be determined.

In many location systems, the recervers detect the time-oi-
arrival (t ) of the incoming signal. If the receiver knows the
precise time-of-transmission of the signal (t,), and the speed
of the signal through the environment (v), 1t 1s possible to
determine the distance (d) between the recerver and the tag,
using the equation

d=v{l,~1,)

As mentioned above, the positions of the recervers (1.¢. the
base units) are known, and i four or more distances from
different non-coplanar recervers to the tag can be found 1n this
way, then a unique 3D position for the tag can be found using,
a process known as trilateration (closely allied to the better-
known process of triangulation). Systems that work in this
way are known as time-of-arrival (TOA) systems, and a TOA
system based on ultrasonic techniques i1s described in the
paper “A New Location Technique for the Active Office”, A.
Ward, A. Jones, and A. Hopper. IEEE Personal Communica-
tions, 4(5):42-47, October 1997.

In fact, typically the receivers in the location system do not
know the precise time-oi-transmission of the signal from the
tag. Achieving synchronisation of the tag with the infrastruc-
ture requires expensive and power-hungry circuitry at the tag
and this 1s normally 1n conflict with the requirement that the
tag should be unobtrusive, inexpensive and battery-powered
(with a very long battery life). Therefore, a different approach
called time-difference-of-arrival (TDOA) location may be
used.

In a TDOA location system, there 1s no need for precise
synchronisation of the tags and the receivers. Instead, all
clements of the recerver infrastructure are precisely synchro-
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nized, using stable clocks at each recerver that are periodi-
cally corrected via some wired or wireless reference timing
signal that 1s distributed to the recervers. It the receivers are
synchronized (so that an event determined by one receiver as
occurring at time t would also be determined by all other
receivers as occurring at time t) then it 1s possible to find
information about the tag’s position by comparing the differ-
ences of the signal’s time-of-arrival at multiple receivers. For
example, suppose the signal was transmitted at an unknown
time t, and received at times t_;, and t_, at recervers 1 and 2
respectively. Then, we can find the difference, d ,,, between
the distances from receiver 1 to the tag and receiver 2 to the
tag, as follows:

d a1 =V~ 1) —vX(L o 1,)

:v(rﬂ 1™ -:'12)

As can be seen, the (unknown) time of transmission 1s not
required to determine the distance difference d,  ».

Since the positions of the recetvers are known, this equa-
tion describes a hyperboloid of revolution, on which (at some
point) the tag may be found. By repeating this process with
other recerver pairs and determining the locus of points where
the dertved hyperboloids of revolution intersect, the possible
3D position of the tag can be narrowed down. If four or more
non-coplanar receivers detect the signal from the tag, then the
intersection of the derived hyperboloids of revolution will
represent a unique solution for the tag’s 3D position. One
implementation of a TDOA location system 1s described 1n
the paper “Commercialization of an Ultra Wideband Preci-
sion Asset Location System”, R. J. Fontana, E. Richley, .
Barney, Proceedings of the 2003 IEEE Conference on Ultra
Wideband Systems and Technologies, November 2003,
Reston, Va.

In some location systems, the recetvers may detect the
angle-of-arrival (AOA) of the incoming signal from the tag.
One way (but not the only way) for the recerver to accomplish
this 1s to look for phase differences of the incoming signal at
multiple antennas in the receiver unit. For example, a single
receiver unit with four coplanar (but non-linear) antennas
could get a 2D bearing for the tag 1n azimuth and elevation. By
combining the 2D bearing information from two or more
receiver units, a 3D position for the tag can be computed. Note
that no synchronisation between receiver units 1s required to
use AOA location techniques, although both the position and
orientation of the fixed recerver units must be determined
when the 1infrastructure 1s surveyed.

The TDOA and AOA techniques may be combined, for
greater system robustness. When both techniques are used, a
computer system gathers all the available TDOA and AOA
data from the recervers that detected a tag’s signal and uses
them to compute a solution for the tag position best matching
the input data. The system may attribute different weights to
cach item of data used 1n the position calculation.

Some 1nfrastructure-based location systems use both
TDOA and AOA techniques. Clocks at different receivers 1n
such a hybrid location system also need to be synchronized
because, as noted above, 11 TDOA location techniques are to
be used the receivers 1n the location system infrastructure
must be synchronized.

One method of achieving synchronisation between the
receivers 1s to equip each receiver with a perfect clock. IT
these perfect clocks were gathered 1n one place, adjusted so
that all were exactly synchronized and taken to the receivers,
then each receiver could determine the time of arrival of
signals in the common receiver time frame using 1ts (now
local) clock.
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In practice, this approach would have a number of prob-
lems. First, perfect clocks do not exist. Real clocks driit
relative to each other and therefore even 11 the clocks were
adjusted to be exactly synchronous at one point in time, they
would start to drift out of synchronisation. Second, 1t might
well be difficult to move the clocks to one point 1n space so
they could be synchronised locally.

Both problems can be solved by using a clock at each
receiver which 1s periodically corrected by an external timing,
reference signal. If the clock at the recerver 1s stable enough
and/or the corrections via the external reference signal are
frequent enough, then the drift in the receiver’s clock relative
to those of the other recervers can be kept suificiently low that
the impact of any such driit on the location performance of the
system 1s negligible.

Typically, the external timing reference 1s generated using,
a single clock located at one point and the signal from that
clock 1s distributed, via wires or wirelessly to each of the
receivers. In some cases, the external timing reference signal
arriving at a receiver may be used to make an adjustment to a
local clock on the recerver, or it may be used directly as the
local clock.

Transmission of the external timing reference signal to the
receiver 1s not mstantaneous and this propagation time may
well need to be taken into account, particularly with systems
where the measurement signal transmitted by the tag 1s elec-
tromagnetic. In these cases, a very small clock offset at one of
the recervers can translate into a large positioning error. This
propagation time, represents an extra unknown (one for each
receiver) 1n the system + 1t may be accounted for directly (if
known) by suitably adjusting the local clock of the relevant
receiver (if the local clock mechanism accommodates a
mechanism for making such a change), or more commonly 1t
may be accounted for during the position calculation process
where propagation times represent further unknowns (one for
cach recerver) 1n the system of equations relating measure-
ments to the position of the tag.

In s1tuations where the speed of propagation of the external
timing reference signal v, through its distribution medium is
known, one way of determining the propagation delay t , from
a fixed external timing reference signal to each recerver 1s to
determine the physical distance d,, from the reterence source

to each recerver and to calculate the propagation delay as
follows:

b= dp/Vy

U.S. Pat. No. 6,054,950 describes a TDOA location system
in which an ultra-wideband radio synchronisation pulse 1s
transmitted from a reference station placed at a known point
to a set of recervers also placed at known points in the envi-
ronment, allowing the local clocks at each receiver to be
globally synchronised with other receivers via the above
mechanism. However, this approach has the disadvantage
that not only must the positions of the recerver units be known
in advance of system operation, so must the position of the
external timing reference signal generator.

An alternative synchronisation scheme involves distribu-
tion ol the external timing reference signal over a wired
network. Here, the propagation delay depends on the length
of the wires distributing the signal to each receiver (which
may not be known because 1t may be desirable to route the
signal over an existing network within a building and 1t may
not be possible to directly measure the cable lengths) and the
type of cable. However, even 1n situations where it 1s possible
to use some external mechanism to determine the propagation
delay along the cable at one point 1n time, temperature
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changes 1n the building can cause the properties of the cable
(such as 1ts length) to vary sigmificantly, altering the propa-

gation delay.
There 1s therefore a need for an improved scheme for
calibrating a location system.

SUMMARY

According to one embodiment of the mvention, there 1s
provided a location system comprising a plurality of base
units for enabling the locating of a device by means of one or
more location signals communicated between the device and
the base units, and signal processing equipment for: 1. deter-
mining the location of the device 1n dependence on the man-
ner 1n which the location signal(s) 1s/are received; and 11.
deriving calibration data for calibrating the system 1n depen-
dence on the manner 1 which the location signal(s) 1s/are
recerved.

Preferably the location signal(s) 1s/are conveyed as a time-
varying wavelorm and the location signal(s) in dependence
on which the location of the device 1s determined and the
location signal(s) in dependence on which the calibration data
1s dertved are contemporaneous parts of the wavetorm.

The calibration data preferably defines a timing offset 1n
the clocking of each base unit relative to a reference clock.
The system may comprise a central clock and each base unit
may receive a timing signal from the central clock for clock-
ing the base unit.

Preferably the system 1s arranged to calibrate itsell 1n
dependence on the calibration data. The system may be
arranged to calibrate the clocking of each base unit in depen-
dence on the calibration data. According to one embodiment,
the signal processing equipment 1s arranged to determine an
average timing oilset for a base unit from successive location
signals communicated between the device and the base unit
and the base unit 1s arranged to calibrate its clocking in
dependence on the average oifset.

The base units are preferably arranged to determine the
time-of-arrival of one or more location signal(s) as received
by the base units. Preferably, the signal processing equipment
1s arranged to determine the location of the device 1n depen-
dence on the time of arrival of the one or more location signals
at each of the base units and the timing offset 1n the clocking
of each base unit as defined by the calibration data.

The signal processing equipment may be arranged to store
calibration data dertved from a location signal communicated
at a first point 1n time and to determine the location of a device
at a second, subsequent point 1n time 1 dependence on the
timing oifsets defined by the stored calibration data and the
manner in which one or more location signals communicated
at the second point in time 1s/are received.

Preferably, the signal processing equipment 1s arranged to
determine the location of the device by means of two different
location schemes. The signal processing equipment may be
arranged to determine the location of the device in depen-
dence on the time-difference-of-arrival and angle-of-arrival
of the location signals as received by the base units. The signal
processing equipment may be arranged to determine the loca-
tion of the device and the calibration data in dependence on
the time-difference-of-arrival and angle-of-arrival of the
location signals as received by the base units.

According to one embodiment, the base units are arranged
to determine the angle-of-arrival of one or more location
signal(s) as received by the base units.

Preferably the calibration data 1s determined indepen-
dently of any reference timing generator external to the base
units and the device, and the position thereof.
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According to a second embodiment of the invention, there
1s provided a method for locating a device 1n a location system
comprising the device and a plurality of base units for
enabling the locating of the device, the method comprising
the steps of: communicating one or more location signals
between the device and the base units; determining the loca-
tion of the device 1n dependence on the manner in which the
location signal(s) 1s/are recerved; and deriving calibration
data for calibrating the system 1n dependence on the manner
in which the location signal(s) 1s/are received.

Preferably, the calibration data defines a timing offset in
the clocking of each base unit relative to a reference clock.

The method may comprise clocking each base station by
means ol a timing signal provided by a central clock.

Preferably, the method comprises calibrating the system in
dependence on the calibration data. The method may com-
prise calibrating the clocking of each base unit in dependence
on the calibration data.

The method may comprise determining an average timing,
olffset for a base unit from successive location signals com-
municated between the device and the base unit and calibrat-
ing the clocking of the base unit in dependence on the average
olfset.

Preferably, the method comprises determining the time-oi-
arrival of one or more location signal(s) as received by the
base units. The method preferably comprises determining the
location of the device in dependence on the time of arrival of
the one or more location signals at each of the base units and
the timing oifset 1n the clocking of each base unit as defined
by the calibration data.

The method may comprise storing calibration data derived
from a location signal communicated at a first point 1n time
and determining the location of a device at a second, subse-
quent point 1n time i1n dependence on the timing offsets
defined by the stored calibration data and the manner in which
one or more location signals communicated at the second
point 1n time 1s/are received.

Preferably, the method comprises determining the location
of the device by means of two different location schemes.
According to one embodiment, the method comprises deter-
mimng the location of the device in dependence on the time-
difference-of-arrival and angle-of-arrival of the location sig-
nals as received by the base unaits.

Preferably, the method comprises determining the angle-
of-arrival of one or more location signal(s) as received by the
base units.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will now be described by way of
example with reference to the accompanying drawings.

FIG. 1 shows a tag for transmitting location signals to a
location system:;

FIG. 2 shows a base station for a location system; and

FI1G. 3 shows the organisation of a location system.

DETAILED DESCRIPTION

The mvention relates to a location system that 1s capable of
deriving calibration information from location signals that
are recerved by the system from a device to be located. In

particular, embodiments of the invention use redundant mea-
surement information gathered by a hybrid TDOA-AOA sys-

tem to determine unknown clock oftsets at receivers on an

ongoing basis during system operation, The clock offsets can
then be used 1n the subsequent operation of the TDOA-AOA
system to improve system accuracy and reliability.
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It can be seen that such a system 1s an improvement over the

state of the art discussed above, because:

1. If a wireless timing signal distribution mechanism 1s
used, 1t does not require a dedicated timing reference
signal generator having a fixed, known location; this
means that the timing reference generator can be moved
between different points 1n the environment according to
what 1s convement, without the location of the timing
reference generator being needed to be determined
explicitly, and;

2. It1s able to periodically recalibrate clock offsets 1n other
systems (such as those involving distribution of a timing,
signal over a wired network) where the propagation
delay between the timing reference signal generator and
the recerver units might be expected to change over time;
this means that the accuracy of the position estimates
generated by the system can be improved, as the time
varying clock oifsets can be incorporated into the posi-

tion estimate calculation.
In a 3-dimensional hybrid TDOA-AOA system, each

receiver detecting the signal from a tag reports three measure-
ments: the time-ot-arrival t_ of the tag signal at the recerver
and a bearing for the tag 1n azimuth (0) and elevation (¢). The
unknowns 1n the system are the X, y, and z coordinates and
time of transmission t, associated with the tag state and one
unknown (the local clock propagation delay 1, from the clock
source) associated with each receiver. As stated previously,
the local clock propagation delays, once determined, are
intended to be used 1n subsequent operation of the TDOA -
AOA system. As such, they can be referenced to any epoch
(1.e. to any point 1n time), which does not necessarily have to
be that of the clock source. This 1s because when the clock
propagation delays are used for time-difference-of-arrival
calculations they are essentially compared against each other,
and any consistent shift in the receiver clocks 1s irrelevant.
Hence, as long as the epoch used 1s consistent for all clock
propagation delays, the time-difference-of-arrival analysis
will be correct. Bearing this 1n mind, and considering that
knowing the time of transmission t, ot the signal from the tag
1s not normally useful, 1t i1s preferable to determine the
unknown local clock propagation delay relative to the time of
transmission of the signal from the tag, t,. By combining the
tag time of transmission t, into the clock offsets 1n this way, 1t
1s no longer necessary to treat this variable as an independent
unknown 1n the position calculation.

If n recervers detect the signal from the tag, there are then
a total of 3n measurements (t_, ...t _.0,...0 and¢, ..., )
and a total of n+3 unknowns (x, y, z, and t, . .. t ) in the
system. So when the number of receivers detecting the tag’s
signal 1s two or more, the number of unknowns 1s less than or
equal to the number of measurements. Therefore, assuming
that the recervers and tag are not in a degenerate configuration
(1.e. collinear), estimates for all the unknown values can be
determined by using the measured values together with
known constants, such as the 3D positions and orientations of
the receiver units. Estimates for the unknown values can be
determined via an estimation process, €.g. nonlinear regres-
sion. In this way, the measurement of a tag’s location signal
can determine both the tag position and the receivers’ clock
propagation delays simultaneously. The tag effectively acts as
a wireless reference timing source but, unlike previous meth-
ods, this method does not require a-prior1 knowledge of the
tag position.

If tfresh values for the unknown clock propagation delays
for each recerver are determined during one tag interrogation

cycle using the above method, then these values can be stored

[
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for future use 1n a computing means such as the one used to
perform the position estimation process.

Furthermore, measurements of receiver clock propagation
delays taken during multiple tag interrogation cycles can be
stored and averaged to obtain more accurate values, which
can then be used to either directly alter the local clock at each
receiver, or can be used 1n the position calculation stage to
compensate for the offsets of the local clocks of each receiver.
A range of other statistical techniques (e.g. outlier detection,
trend analysis, etc.) can be applied to these calculated values
to better estimate the true clock propagation delay for a
receiver at any point 1n time. Note that clock propagation
delays from different tag interrogation cycles must be aligned
in some way belore averaging or another statistical technique
1s used, because the tag transmission times for each interro-
gation cycle will be different and so the clock propagation
delays will be referenced to different epochs. As the clock
propagation delay for each recerver 1s determined relative to
the time of transmission of the location signal from the tag,
one technique by which the epochs can be realigned 1s com-
puting the average clock propagation delay for recervers in
cach separate interrogation cycle and subtracting that average
from all the clock propagation delays determined during that
interrogation cycle. Assuming that the local clocks at each
receiver are suificiently stable and/or that the propagation
delays of any timing reference signal do not vary significantly
over a short period of time, then future calculations of tag
positions using the measured data from recetvers need only
estimate the unknowns associated with the tag state, 1.e. the
tag X, vy, and z coordinates and t, the time of transmission
relative to some epoch. As mentioned previously, as the local
clock propagation delay for each recerver 1s determined rela-
tive to the time of transmission of the location signal by the
tag, and the tag time of transmission 1tself 1s not typically of
interest. Hence, the details of the epoch to which the delay 1s
referenced are typically not important. If n recervers detect
the tag signal, there are only four unknowns and 3n measure-
ments(t ...t _,0,...0 and¢,...¢, ), andthere1sthen a
substantial surplus of redundant information which can be
used to make better estimates of the unknown tag position.

The extremes given above (where the measured data 1s
used to estimate all the clock propagation delays of the rece1v-
ers detecting a signal from the tag and where the measured
data 1s used 1n conjunction with previously-determined clock
propagation delays to compute only the tag position) repre-
sent opposite ends of a spectrum of possible estimation cal-
culations, 1n which none, some or all of the recerver clock
propagation delays may be reviewed. For example, suppose
that receivers A and B have previously been used to determine
a tag position, permitting receiver clock propagation delays
t,, and t 5 tor those receivers to also be found and stored.
Then, 1n a subsequent tag interrogation cycle, receivers A, B
and C detect a tag position, providing three pulse times-oi-
arrvalt .t -andt ., andsix bearings0 ,,0,,0.,¢ ,, ¢, and
¢ . Using the known positions and orientations of the receiv-
ers A, B, and C, and the known values t , and t , 1t 1s possible
to use the nine measured values to determine the five
unknowns in the system (the tag x, v, and z coordinates and
time of transmission t, and the unknown receiver clock
propagation delay t,.). Therefore, in this instance the
unknown clock propagation delay 1s determined at the same
time as a better estimate of the tag position (better, in a
statistical sense that 1s), than would have been obtained i1 all
the clock propagation delays were recalculated, because there
are fewer unknowns to calculate from the same amount of
data). Note that 1n this instance, 1t 1s necessary to estimate the
tag time of transmission, because 1t 1s necessary to determine
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the receiver clock propagation delay t - in the same epoch as
that in which t, , and t ; were measured (so the three can be
used together in TDOA calculations) rather than the epoch
based on t..

A hybrid TDOA-AOA system of this nature, in which
receiver clock propagation delays can be computed without a
fixed reference during normal operation of the system, also
has advantages over a pure AOA location system. For
example, the angular accuracy of a phased-array recetver 1s
typically best when the incoming signal 1s arriving along the
boresight of the array. Therefore, if a receiver indicates that
the mcoming signal 1s arrtving on a direction well off the
sensor boresight, it can be assumed that the angular accuracy
of the measurement will be somewhat degraded, although any
time-of-arrival recorded by the receiver should still be accu-
rate. Because the clock propagation delays 1n the system have
previously been determined and stored during normal system
operation, it 1s then possible to discard some or all of the
angular information and rely more heavily on the TDOA
information. (In the extreme where all angular information 1s
discarded, of course, the location process 1s then a pure
TDOA system.)

There 1s a 2D analog to this method, for use in TDOA-AOA
systems where the position of atagina 2D plane 1s to be found
and where each recerver unit only returns a single bearing for
the tag. In these cases, each receiver detecting the signal from
a tag reports two measurements: the time-of-arrival t of the
tag signal at the receiver and a bearing for the tag 1n the plane
(0). The unknowns 1n the system are the tag X and y coordi-
nates and one unknown (the unknown local clock propagation
delay t, relative to the tag time-of-transmission) associated
with each receiver. Therefore, 1f n receivers detect the signal
from the tag, there are a total of 2n measurements (t_, ...t _ .
0, ...0, )and a total of n+2 unknowns, and so both the tag
position and clock propagation delays for each receiver can
be determined simultaneously by the above method 11 n>=2.

Embodiments of the mmvention may be advantageously
implemented in hybrid location systems that are capable of
estimating the location of a device such as a tag using more
than one location method, for example, hybrid location sys-
tems capable of estimating the location of a device using both
time-difference-otf-arrival and angle-of-arrival schemes. In
particular, the location system should preferably be able to
derive sufficient information from the received location sig-
nal to enable it to calculate all of the unknowns It should be
noted that this invention cannot be applied to or be embodied
by pure TDOA location systems, €.g. three unknowns (the x,
y, and z coordinates) associated with the device to be located
and one unknown (the unknown local clock offset t , relative
to the tag time-of-transmission) associated with each
receiver.

One possible embodiment of the mvention 1s described
below. This 1s for the purposes of example only and 1t should
be understood that the invention 1s not limited to any specific
embodiment or implementation.

A mobile tag 1s shown 1n FIG. 1. The tag (2) includes a
microcontroller (4), which could be a microcontroller
PIC16LF877A made by Microchip Inc., a radio transmitter
(6), which could be a UWB (ultrawideband) radio transmutter,
such as the one implemented in a Ubisense Tag, available
from Ubisense Limited, and a radio transcerver (8), which
could be a CC1020 radio transcerver made by Chipcon S.A.
Each tag has a unique 32-bit identifier and a battery-dertved
power supply (10). The microcontroller (4) controls the set-
tings on the radio transcerver (8), decodes signals detected by
that transceiver and 1ts control program features a state

machine which determines the behaviour of the tag.
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A base station 1s shown i FIG. 2. The base station (20)
includes a microcontroller, which could be a PIC16LER77A
microcontroller made by Microchip Inc. (22), a radio trans-
cerver, which could be a CC1020 conventional radio trans-
ceiver (24) made by Chipcon S.A., a recerver, which could be
a UWB recetver (26), such as the one implemented 1n a
Ubisense sensor, available from Ubisense Limited, a process-
ing module, which could be a DSPBlok21161 (28) made by
Danville Signal Processing Limited and a further processing
module (30), which could be an FS20 made by Forth Systems
GmbH. The UWB recerver (26) can determine the time-oi-
arrival of an mncoming UWB signal relative to a timing gen-
crator (34) and can generate bearings 1n azimuth and eleva-
tion indicating the direction of the source of the mncoming
UWRB signal. The PIC microcontroller (22) controls the set-
tings on the conventional radio transceiver and decodes sig-
nals detected by that transcerver. The timing generator (34)
can be synchronised either from a local crystal clock (36) or
via a remote clock over a wired timing network (38). The local
crystal clock (36) can act as a source of the signal on the wired
timing network (38).

A location system 1s shown 1n FIG. 3. The location system
uses four base stations (46,48,50,52) to provide coverage of
an area ol space, which could be e.g. 15 mx15 m. A central
controller (54) consisting of a networked PC controls the
overall operation of the location system. The PC (34) and all
base stations are connected via a standard Ethernet network
(32) and control messages are sent by the PC (54) to the base
stations over this network. The FS20 module (30) of each
base station 1s connected to the Ethernet network (32) and acts
as the network interface for the base station.

A timeslotted structure 1s imposed on the conventional and
UWB channels within the system. Timeslots are 25 ms long
and 1n the normal operation of the system one base station 1s
designated the ‘master’ base station. The master base station
acts as a transmitter of conventional radio messages from the
inirastructure to tags and 1ts local clock (36) 1s used to gen-
erate a timing signal which 1s distributed to other base stations
over the timing cable network (38). During each timeslot, a
message can be sent from the master base station to tags over
the conventional radio link, and there are two opportunities
for tags to send a message to base stations over the conven-
tional radio link. A tag can also send a UWB signal in the
timeslot for reception by the base stations. All base stations
are capable of recerving conventional radio messages and
UWRB signals from tags.

When a particular tag sends a UWB transmission in a

timeslot, 1t also transmits a message contaiming 1ts unique
identifier over the conventional radio channel so that the
source of the UWB transmission can be identified. The UWB
receiver (26) of a base station (20) detects the positioning,
signal and passes it to the DSPBlok processing module (28)
for extraction of time-of-arrival (relative to the timing gen-
crator (34)) and azimuth/elevation bearings. The conven-
tional radio transceiver (24) of the base station detects the
message containing identification information and passes
these signals on for decoding by the base station’s PIC micro-
controller (22). The information gathered by the base station
from the signals on the UWB and conventional radio channels
1s passed by the DSPBlok (28) and PIC microcontroller (22)
to the base station’s FS20 network iterface module (30), and
from there 1t 1s sent to the master base station over the Ether-
net network (32).

After the master base station has collected all the informa-
tion relevant to a particular timeslot, 1ts FS20 (30) processing,
module sends the information to the master base station’s

DSPBIlok (28), The DSPBlok (28) then attempts to use bear-
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ing and time-of-arrival readings from multiple base stations,
and the known blase station positions and orientations to
compute both the tag’s 3D position and the clock propagation
delays associated with the distribution of the master base
station’s local clock (36) to the other base stations via the
timing network (38). The process used to compute the
unknown parameters 1s nonlinear regression, which 1s well
known to those versed 1n the state-oi-the-art.

I1 the computation 1s successiul, the position and tag 1den-
tification mformation 1s passed back to the master base sta-
tion’s FS20 module (30), which transmits them over the Eth-
ernet network (32) to the controlling PC (54).

The computed clock propagation delays may then be
stored for use 1n subsequent tag location cycles. The values
may be stored directly 1n the master base station’s DSPBlok
(28), orthey may be passed back for storage in the master base
station’s FS20 module (30). They may also be passed back
over the Ethernet network (32) to the controlling PC (54),
where the values can be stored more permanently on a hard
disk or other long-term storage device. The values can then be
returned over the network to the master’s FS20 module and
DSPBIlok (28) at some future time. This feature 1s particularly
usetul where the location equipment is only to be powered up
intermittently and the clock propagation delays are not
expected to change significantly over a short period of time.
Statistical techniques (e.g. averaging) can be applied to mul-
tiple sets of clock propagation delays taken during different
tag location cycles at any of the points 1n the system (e.g. at
the master base station’s DSPBlok (28) or FS20 module (30),
or at the controlling PC (54)).

In the specific embodiments described above, the clock
delay information derived from location signals recerved
from a device to be located was used primarily to calculate the
location of the device. However, the clock delay information
may also be used to update the clock of each receiver.

The receiver clock may be a component of the receiver
itsell (e.g. an oscillator), or 1t may be provided by a reference
clock that 1s not located within the recerver itself. For
example, a recerver may be clocked by a clock signal pro-
vided by a reference clock. The reference clock could be
located 1n one of the other receivers of the system. I the
receiver 1s clocked from an external source, then a delay 1s
introduced 1nto the “clock™ of the receiver due to the time 1t
takes for the clock signal to travel from the reference clock to
the recetver. This 1s similar to the situation in which the
receiver clock 1s periodically updated by an external timing
reference signal from a central clock, 1n which case the trans-
mission delay introduced into the timing reference signal
causes a timing offset to be mtroduced into the clock of the
receiver.

When the recerver 1s clocked by a clock signal, the “clock”
of the receiver may be updated using the clock delay infor-
mation. For example, a delay line could be implemented by
means of which the receiver could obtain a corrected clock
signal. The delay line could be implemented by a series of
latches or sitmply a coil of wire that1s tapped at intervals along
its length. The appropriate output signal from the delay line
may then be selected by means of a demultiplexor.

The invention has been primarily described with reference
to a location system in which the location of a device 1s
determined by multiple base units, each having a recerver for
receiving location signals from the device and determiming
the time-of-arrival and angle-of-arrival of those location sig-
nals. However, the invention may also be implemented 1n a
location system 1n which it 1s the base units that transmait the
location signals, which are then recerved by the device to be
located. The device may determine the time-of-arrival and the
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angle-of-arrival of the location signals received from each of
the base umits. The base units are preferably synchronised
such that each base unit transmits 1ts location signal at the
same time or so that each base unit transmits its respective
location signal at a predetermined time interval from the other
base units. However, as 1s the case with the inverse system
described previously (whereby the device to be located emits
signals to a set of base receiver units) 1t will be difficult to
arrange for the distributed clocks to be precisely synchro-
nised, and therefore the methods described in this application
for determining the offsets of each clock (or the propagation
delays of an external timing reference signal to each recerver)
during normal system operation will be advantageous. Pret-
erably, the location signals each include an identifier that
identifies which of the base units transmitted the signal.

The device may determine 1ts location itself using data
stored within the device itself concerning the locations of the
base units from which location signals were recerved. Alter-
natively, the device may request the locations of the base units
from which it has received location signals from an external
source (e.g. one of the base units). As a further option, the
device may transmit its time-of-arrival and angle-of-arrival
data to an external unit for calculating the location of the
device (e.g. one of the base units).

The applicant hereby discloses 1n 1solation each individual
teature described herein and any combination of two or more
such features, to the extent that such features or combinations
are capable of being carried out based on the present specifi-
cation as a whole 1n light of the common general knowledge
of a person skilled 1 the art, irrespective of whether such
features or combinations of features solve any problems dis-
closed herein, and without limitation to the scope of the
claims. The applicant indicates that aspects of the present
invention may consist of any such feature or combination of
teatures. In view of the foregoing description 1t will be evi-
dent to a person skilled 1n the art that various modifications
may be made within the scope of the invention.

The mvention claimed 1s:

1. A location system comprising:

a plurality of base units at known locations for enabling the
locating of a device by means of one or more location
signals communicated between the device and the base
units; and

signal processing equipment configured to:

(1) determine the location of the device 1n dependence on
the time-difference-of-arrival and angle-of-arrival of the
location signal(s) as recerved by the base units; and

(1) dertve calibration data for calibrating the clocking of
cach base unit from the time-difference-otf-arrival and
angle-of-arrival of the location signal(s) as recerved by
the base units, wherein

the signal processing unit 1s configured to derive the cali-
bration data independently of any reference timing gen-
erator that 1s external to a subsystem consisting of the
plurality of base units and the device, and

the calibration data defines a timing offset 1n the clocking
of each base unit relative to a reference clock.

2. The location system as claimed 1n claim 1, wherein the
location system 1s configured to receive location signal(s) as
a time-varying waveform, and the location signal(s) used to
determine the location of the device and the location signal(s)
used to derive the calibration data are contemporaneous parts
of the wavelorm.

3. The location system as claimed 1n claim 1, wherein at
least one of the base units comprises a central clock and each
base unit recerves a timing signal from the central clock for
clocking the base unit.
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4. The location system as claimed claim 1, wherein one of
the base units 1s arranged to derive the calibration data and to
determine the position of the device 1n dependence on the
derived calibration data.

5. The location system as claimed 1n claim 1, wherein each
base unit comprises a respective clock and each base unit 1s
arranged to calibrate the clocking of its respective clock 1n
dependence on the calibration data.

6. The location system as claimed 1n claim 1, wherein

the signal processing equipment 1s arranged to determine

an average timing offset for a base unit from successive
location signals communicated between the device and
the base unit, and

the base unit 1s arranged to calibrate 1ts clocking 1n depen-

dence on the average offset.

7. The location system as claimed 1n claim 1, wherein each
base unit comprises a timing generator and 1s arranged to
determine the time-of-arrival of one or more location signal
(s) as recerved by the base unit.

8. The location system as claimed 1n claim 7, wherein the
signal processing equipment 1s arranged to determine the
location of the device in dependence on the time of arrival of
the one or more location signals at each of the base units and
the timing offset 1n the clocking of each base unit as defined
by the calibration data.

9. The location system as claimed 1n claim 7, wherein the
signal processing equipment 1s arranged to store calibration
data derived from a location signal communicated at a first
point 1n time and to determine the location of a device at a
second, subsequent point in time 1n dependence on the timing
offsets defined by the stored calibration data and the manner
in which one or more location signals communicated at the
second point 1n time 1s/are recerved.

10. The location system as claimed 1n claim 1, wherein the
base units are arranged to determine the angle-of-arrival of
one or more location signal(s) as received by the base units.

11. A method for locating a device 1n a location system
comprising the device and a plurality of base units at known
positions for enabling the locating of the device, the method
comprising the steps of:

communicating one or more location signals between the

device and the base units;
determiming the location of the device in dependence on the
time-difference-otf-arrival and angle-of-arrival of the
location signal(s) as recerved by the base units; and

deriving calibration data for calibrating the clocking of
cach base unit from the time-ditference-of-arrival and
angle-of-arrival of the location signal(s) as recerved by
the base units, wherein

the calibration data 1s derived independently of any refer-

ence timing generator external to a subsystem consisting
of the base units and the device, and

the calibration data defines a timing offset 1n the clocking

of each base unit relative to a reference clock.

12. The method as claimed 1n claim 11, comprising clock-
ing each base station by means of a timing signal provided by
a central clock.

13. The method as claimed 1n claim 11, comprising cali-
brating the system in dependence on the calibration data.

14. The method as claimed 1n claim 11, comprising cali-
brating the clocking of each base unit in dependence on the
calibration data.

15. The method as claimed 1n claim 11, comprising deter-
mining an average timing oil:

set for a base unit from succes-
stve location signals communicated between the device and
the base unit and calibrating the clocking of the base unit in
dependence on the average oifset.




US 8,193,984 B2

13

16. The method as claimed 1n claim 11, comprising deter-
minming the time-of-arrival of one or more location signal(s) as

received

by the base units.

17. The method as claimed 1n claim 16, comprising deter-

mimng t
arrival o]

e location of the device in dependence on the timeof 5
" the one or more location signals at each of the base

units anc

 the timing offset 1n the clocking of each base unit as

defined by the calibration data.
18. The method as claimed 1n claim 16, comprising storing
calibration data dertved from a location signal communicated

14

at a first point 1n time and determining the location of a device
at a second, subsequent point 1n time in dependence on the
timing oifsets defined by the stored calibration data and the
manner 1n which one or more location signals communicated
at the second point in time 1s/are received.

19. The method as claimed 1n claim 11, comprising deter-
mining the angle-of-arrival of one or more location signal(s)
as recerved by the base units.
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